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ATMOSPHERIC DENSITY VARIATIONS AT 140 JQl DEDUCED 
FROM PRECISE SATELLITE RADAR TRACKING DATA 
SUMMARY 
The technique of eva lua t ing  d e n s i t y  va lues  from precise r ada r  
t r ack ing  d a t a  of s a t e l l i t e s  i n  the  a l t i t u d e  reg ion  130 t o  140 km is 
d iscussed .  I n c l i n a t i o n s  of t hese  sa te l l i t es  w e r e  between 106 and 
1 1 2  degrees .  All elements of t he  d e n s i t y  r educ t ion  technique were 
examined i n  d e t a i l ,  wi th  cons ide ra t ion  g iven  t o  r e c e n t  advances i n  
geodesy, drag  c o e f f i c i e n t  modeling, and o r b i t  de te rmina t ion  techniques,  
Ten days of h igh  r e s o l u t i o n  d e n s i t y  d a t a  deduced from o r b i t a l  decay of 
each of t h r e e  s a t e l l i t e s  a r e  presented .  Three types of d e n s i t y  varia- 
t i o n s  a t  140 km are d i s c e r n i b l e  i n  t h e s e  d a t a :  (1) pe r iod ic  d a i l y  
d e n s i t y  v a r i a t i o n s  wi th  a d e n s i t y  ampli tude of about  10 percent ;  (2) 
d e n s i t y  inc reases  of up t o  35 percent  a s soc ia t ed  w i t h  enhanced geo- 
magnetic a c t i v i t y  during which the  p l a n e t a r y  geomagnetic index, Kp: 
reached a va lue  of e i g h t  u n i t s ;  and (3) an observed semiannual varia- 
t i o n  of about  20 percent ,  which i n d i c a t e s  a t o t a l  semiannual v a r i a t i o n  
of 35-40 percent .  These v a r i a t i o n s  are d iscussed  and compared wi th  
o the r  r e s u l t s .  
I. INTRODUCTION 
Atmospheric d e n s i t y  v a r i a t i o n s  and t h e i r  r e l a t i o n s h i p s  wi th  s o l a r ,  
geographical ,  and o the r  parameters are wel l  known i n  t h e  a l t i t u d e  reg ion  
between about  200 and $200 km, p r imar i ly  because of t he  l a r g e  amount of 
d a t a  which have become a v a i l a b l e  dur ing  the  p a s t  10 years  from observa- 
t i o n s  of t h e  o r b i t a l  decay of s a t e l l i t e  i n  this  r eg ion  and, m o r e  r e c e n t l y ,  
from -- i n  s i t u  measurements of atmospheric d e n s i t y  from resea rch  s a t e l l i t e s  
[l, 21. On t h e  o t h e r  hand, our knowledge of atmospheric v a r i a t i o n s  i n  
t h e  a l t i t u d e  r eg ion  between about  90 and 200 km is very  l i m i t e d ,  s i n c e  
s a t e l l i t e  l i f e t i m e s  a t  t h e s e  lower a l t i t u d e s  are  r e l a t i v e l y  s h o r t  and 
the  h igh  c o s t  of launching rocket-borne senso r s  in. t h i s  reg ion  p r o h i b i t s  
t he  accumulation of adequate  d a t a .  Another problem i n  the measurement 
of atmospheric c o n s t i t u e n t s  i n  the  lower thermosphere is the  t echn ica l  
d i f f i c u l t i e s  i n  a c c u r a t e l y  measuring atomic oxygen [ 3 ] .  
I n  a d d i t i o n  t o  s c i e n t i f i c  reasons f o r  i nc reas ing  our knowledge of 
t he  atmosphere a t  a l t i t u d e s  below about  200 km, a more a c c u r a t e  depic-  
t i o n  of atmospheric d e n s i t y  i n  t h i s  r eg ion  is  needed f o r  suppor t  of 
ope ra t iona l  space  v e h i c l e  a p p l i c a t i o n s ,  such as p r e d i c t i n g  s a t e l l i t e  
o r b i t s  and p r e d i c t i n g  t r a j e c t o r i e s  of l a r g e  rocke t  s t a g e s  t o  in su re  
t h a t  i m p a c t  w i l l  occur only i n  uninhabi ted reg ions .  
One e x i s t i n g  source  of l ow-a l t i t ude  s a t e l l i t e  o r b i t a l  decay d a t a  
i s  from t h e  h igh  r e s o l u t i o n  r ada r  t r ack ing  d a t a  of A i r  Force s a t e l l i t e s ,  
some of which have per igees  between 130 and 140 km, Tracking d a t a  are 
suppl ied  i n  azimuth, e l e v a t i o n ,  and range,  w i th  an  es t imated  e r r o r  i n  
s a t e l l i t e  p o s i t i o n  of a few hundred f e e t ;  cons ider ing  u n c e r t a i n t i e s  i n  
s t a t i o n  l o c a t i o n s ,  t iming e r r o r s ,  and ranging e r r o r s .  About 15 d a t a  
passes  per  day are a v a i l a b l e  from each s a t e l l i t e .  
from one s a t e l l i t e  i n  1966, one i n  1967, s i x  i n  1968, s i x  i n  1969, and 
about t h e  same number i n  1970. Thus, dur ing  t h e  t i m e  per iod 1968 t o  
1970 about  60 days of d a t a  a r e  a v a i l a b l e  each year .  Since t h e  shape, 
weight,  and o r b i t a l  elements of t hese  s a t e l l i t e s  a r e  p r e c i s e l y  known, 
atmospheric d e n s i t y  d a t a  of h igh  accuracy are obta inable .  
d a t a  were reduced by t h e  Aerospace Corporat ion based upon t r ack ing  d a t a  
furn ished  by t h e  A i r  Force. F inanc ia l  suppor t  and i n i t i a l  d a t a  ana lyses  
were provided by t h e  NASA Marshal l  Space F l i g h t  Center.  
Data are a v a i l a b l e  
The d e n s i t y  
11. EVALUATION OF ATMOSPHERIC DENSITY 
The s a t e l l i t e  o r b i t s  were determined from the  r a d a r  t r ack ing  d a t a  
by numerical i n t e g r a t i o n  of t he  equat ions  of motion, wi th  c m s i d e r a t i o n  
given t o  aerodynamic drag ,  l u n a r - s o l a r  a t t r a c t i o n s ,  and the  ear th 's  
geopo ten t i a l .  
The accu ra t e  de te rmina t ion  of atmospheric d e n s i t y  from s a t e l l i t e  
t r ack ing  data r equ i r e s  cons ide ra t ion  of t he  e f f e c t s  of several p o t e n t i a l  
e r r o r s  on computed d e n s i t y  va lues .  
1. Atmospheric models used i n  d e n s i t y  de te rmina t ions  may have 
inhe ren t  e r r o r s  t h a t  can in t roduce  e r r o r s  i n  deduced d e n s i t y  values .  
The atmospheric model chosen f o r  t h i s  s tudy  w a s  t he  Walker-Jacchia model 
as modified by Bruce [ 4 ] .  This model is  the  1964 Jacch ia  model wi th  a 
c o r r e c t i o n  app l i ed  i n  t h e  lower a l t i t u d e  reg ion  t o  d e p i c t  d e n s i t y  
increases  wi th  geomagnetic i n c r e a s e s ,  as has been ind ica t ed  by a v a i l a b l e  
low a l t i t u d e  d e n s i t y  d a t a .  
2.  Drag c o e f f i c i e n t ,  CD, e r r o r s  are d i r e c t l y  t r a n s f e r r e d  i n t o  
e r r o r s  i n  deduced atmospheric d e n s i t y  va lues .  A very  c a r e f u l  and 
thorough a n a l y s i s  w a s  performed t o  determine t h e  drag  c o e f f i c i e n t  
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accura t e ly .  This s tudy  r e s u l t e d  i n  t h e  s e l e c t i o n  of a v a r i a b l e  drag 
c o e f f i c i e n t  ( f i g u r e  l ) ,  which w a s  c a l c u l a t e d  by cons ide ra t ion  of the  
exospheric  temperature and the  a l t i t u d e  of t h e  s a t e l l i t e  a t  the  time 
of t he  d e n s i t y  c a l c u l a t i o n .  P e r f e c t  accommodation and d i f f u s e  r e f l e c -  
t i o n  were assumed. 
3 .  An a c c u r a t e  geopo ten t i a l  model is  necessary f o r  a p r e c i s e  
r e p r e s e n t a t i o n  of t h e  o r b i t  of a s a t e l l i t e ,  t o  minimize e r r o r s  i n  
deduced d e n s i t y  va lues  taus-ed by a l i a s i n g  e f f e c t s  of g r a v i t y  anomalies.  
An e ighth-order  and eighth-degree geopo ten t i a l  model w a s  s e l e c t e d  f o r  
a l l  d e n s i t y  eva lua t ions  f o r  t h i s  s tudy ,  a f t e r  a comparison wi th  a 
twel f th-order  and twelf th-degree geopo ten t i a l  model ind ica ted  d i f f e r -  
ences i n  deduced d e n s i t y  values  of less than one percent .  
4 .  Densi ty  de te rmina t ions  from s a t e l l i t e  t r ack ing  d a t a  are s u b j e c t  
t o  e r r o r s  from range b i a s e s ,  s t a t i o n  l o c a t i o n  e r r o r s ,  r e f r a c t i o n  e r r o r s ,  
and t iming e r r o r s .  A s imula t ion  s tudy  w a s  conducted t o  eva lua te  the  
e f f e c t  of t hese  u n c e r t a i n t i e s  on deduced d e n s i t y  va lues .  
a. Range radar b i a s e s  were evaluated by f i t t i n g  f i v e  over- 
lapping one-day d a t a  spans f o r  one s a t e l l i t e ,  using s t a t i o n  r ada r  range 
b i a ses  as a d d i t i o n a l  f i t t i n g  parameters i n  the  o r b i t  determinat ion.  I n  
t h i s  manner, a r ada r  range b i a s  va lue  w a s  determined f o r  each of t he  
one-day f i t t i n g  spans.  
s m a l l  degree t o  be  caused by atmospheric,  geopo ten t i a l ,  o r  s t a t i o n  loca-  
t i o n  e r r o r s .  A s  a r e s u l t  of t h i s  procedure,  t h i s  eva lua t ion  of radar 
range b i a ses  w a s  incorpora ted  i n  a l l  s a t e l l i t e  d a t a  analyzed. 
The r e s u l t s  were evaluated and found only t o  a 
b. The radar t r ack ing  s t a t i o n  loca t ions  used i n  t h i s  s tudy  
have been determined very  a c c u r a t e l y  from TRANSIT information,  and i t  
has been e s t ab l i shed  t h a t  e r r o r s  a s soc ia t ed  wi th  u n c e r t a i n t i e s  i n  these  
values  have a n e g l i g i b l e  e f f e c t  on t h e  accuracy of deduced d e n s i t y  va lues .  
c. Calcu la t ionsof  r e f r a c t i o n  e r r o r s  of radar da t a  used i n  t h i s  
s tudy  i n d i c a t e  they have a n e g l i g i b l e  e f f e c t  on deduced d e n s i t y  values .  
5. Probably the  l a r g e s t  source  of e r r o r  i n  the  deduced d e n s i t y  
va lues  i s  due t o  e r r o r s  i n  our knowledge of t he  drag  c o e f f i c i e n t .  A l l  
s t u d i e s  t o  d a t e  i n d i c a t e  t h i s  e r r o r  source  t o  be l e s s  than  10 percent .  
6 .  The t i m e  r e s o l u t i o n  of deduced d e n s i t y  values  i s  dependent 
upon the  l eng th  of the  o r b i t - f i t t i n g  span used i n  the  r educ t ion  process .  
A s h o r t  f i t t i n g  span is more r e p r e s e n t a t i v e  of ins tan taneous  values  of 
d e n s i t y  than  a long f i t t i n g  span,  s i n c e  more averaging occurs when 
f i t t i n g  d a t a  over long i n t e r v a l s  of t i m e .  On the  o the r  hand, accu ra t e  
o r b i t  de te rmina t ion  is d i f f i c u l t  during per iods of r a p i d l y  changing 
d e n s i t y  va lues  when using s h o r t  f i t t i n g  spans;  consequent ly ,  t h e r e  has 
t o  be a t rade-of f  between t i m e  r e s o l u t i o n  and accuracy of o r b i t  
determinat ion.  
3 
Before t h e  r educ t ion  of  t h e s e  d e n s i t y  d a t a ,  a s tudy  w a s  conducted t o  
determine t h e  accuracy of d e n s i t y  de te rmina t ion  as a func t ion  of  f i t t i n g  
i n t e r v a l .  Simulated low a l t i t u d e  d e n s i t y  d a t a  were generated wi th  t h e  
Bruce atmospheric model [4] as a c o n t r o l .  Densi ty  values were then cal- 
cu la t ed  using d i f f e r e n t  f i t t i n g  spans.  The r e s u l t s  of t h i s  s tudy  showed 
t h a t  average d e n s i t y  values  could be  determined wi th  a n  e r r o r  of less 
than one percent ,  using an o r b i t a l  f i t t i n g  i n t e r v a l  of e i g h t  r evo lu t ions  
(12  hours )  of t r ack ing  da ta .  Eight  f i t t i n g  parameters were used i n  t h e  
o r b i t - f i t t i n g  process--s ix  o r b i t a l  elements f i t  over t h e  e n t i r e  d a t a  
span and two drag f a c t o r s ,  each f i t  over four  r evo lu t ions  of da t a .  This 
technique increased t h e  time r e s o l u t i o n  of  der ived  d e n s i t y  values  by a 
f a c t o r  of two, s i n c e  each c a l c u l a t e d  d e n s i t y  va lue  r ep resen t s  an average 
over fou r  r evo lu t ions  ( s i x  hours)  evaluated near the  c e n t e r  of each f i t  
span. F i t t i n g  spans were overlapped through the  d a t a  i n  two-revolution 
increments,  r e s u l t i n g  i n  up t o  100 d e n s i t y  values  f o r  each 10-day o r b i t a l  
i n t e r v a l .  This technique a l s o  p e r m i t t e d  a comparison of computed per igee  
a l t i t u d e  f o r  consecut ive  o r b i t  f i t s .  These comparisons showed an  
average e r r o r  of computed per igee  a l t i t u d e  of a few hundredths of a km. 
7. A s  recommended by King-Hele [5] t h e  computed d e n s i t y  values  
were assumed t o  v a l i d  a t  a h e i g h t  
Y = Y + 1 / 2  H*, 
P 
where 
Y = he igh t  ass igned t o  t h e  d e n s i t y  observa t ion  
Y = he igh t  of per igee  
P 
= value  of t he  s c a l e  he igh t ,  H, a t  per igee  he ight .  
111, RESULTS AND COMPARISONS WITH PREVIOUS RESULTS 
Values of t h e  atmospheric d e n s i t y  deduced from t r ack ing  d a t a  of 
S a t e l l i t e s  1968-31AY 1968-478, and 1969-7AY wi th  corresponding va lues  of 
t h e  geomagnetic p l ane ta ry  index,  Key are shown i n  f i g u r e s  2 ,  3,  and 4 ,  
r e spec t ive ly .  To e l imina te  v a r i a t i o n s  due t o  h e i g h t  changes , t he  d e n s i t y  
d a t a  were normalized t o  an a l t i t u d e  of 140 km, us ing t h e  d e n s i t y  of t he  
J a c c h i a  1964 atmosphere as modified by Bruce [4]  and t h e  fol lowing re la-  
t ions h i p  : 
P 
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where 
Per igee  Apogee I n c l i n a t i o n  Argument 
S a t e l l i t e  A l t i t u d e  A l t i t u d e  of Per igee  
(deg) 
1968 3 1 A  137 km 455 km 112 124 
1968 47A 130 km 465 km 1 1 2  118 
1969 7A 135 km 1110 km 106 153 
- 
= a c t u a l  d e n s i t y  normalized t o  140 km 
= a c t u a l  d e n s i t y  evaluated a t  a l t i t u d e  z 
= model d e n s i t y  a t  a l t i t u d e  zo 
= model d e n s i t y  a t  a l t i t u d e  z .  
Pn 
pz 
p' 
20 
p: 
I n i t i a l  o r b i t a l  elements and o t h e r  p e r t i n e n t  information concerning 
the  o r b i t s  of t hese  s a t e l l i t e s  are  shown i n  Table 1, The breaks i n  
the  atmospheric d e n s i t y  p l o t s  r e s u l t  from t h e  u n a v a i l a b i l i t y  of t r ack ing  
d a t a .  
Table 1 
Data Span 
4/17/68 - 4/27/68 
6/06/68 - 6/17/68 
1/22/69 - 2/1/69 
There w a s  no t  s u f f i c i e n t  v a r i a t i o n  i n  the  10.7 c m  s o l a r  r a d i o  f l u x  
during t h e  per iod these  t h r e e  s a t e l l i t e s  were i n  o r b i t  t o  i d e n t i f y  d e n s i t y  
v a r i a t i o n s  a s soc ia t ed  wi th  changes i n  the  s o l a r  extreme u l t r a v i o l e t  r a d i a -  
t i o n .  It w a s  a l s o  not  f e a s i b l e  t o  d e t e c t  d i u r n a l  v a r i a t i o n s  a s soc ia t ed  
wi th  t h e  s o l a r  bulge,  s i n c e  the  o r b i t s  of t hese  s a t e l l i t e s  were nea r ly  
sun-synchronous; i .e . ,  t he  per igee  poin t  s tayed  a t  about t he  same l o c a l  
t i m e  from o r b i t  t o  o r b i t .  Atmospheric d e n s i t y  v a r i a t i o n s  t h a t  a r e  
i d e n t i f i a b l e  i n  these  d a t a  inc lude  a semiannual v a r i a t i o n ,  pe r iod ic  d a i l y  
v a r i a t i o n s  , and v a r i a t i o n s  a s soc ia t ed  wi th  geomagnetic a c t i v i t y .  
A. Pe r iod ic  Dai ly  Density Var ia t ions  
Var ia t ions  of atmospheric d e n s i t y ,  w i th  a period of about 24 hours ,  
are ev ident  i n  f i g u r e s  2 through 4. The amplitude of t hese  v a r i a t i o n s  
ranges from about  10 percent  dur ing  per iods of low geomagnetic a c t i v i t y  
t o  more than  25 percelzt during per iods of h igh  geomagnetic a c t i v i t y ,  when 
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t he  t r a n s i e n t  e f f e c t s  of hea t ing  a s soc ia t ed  wi th  enhanced geomagnetic 
a c t i v i t y  are combined wi th  the  pe r iod ic  v a r i a t i o n s .  This type of varia- 
t i o n  has been observed i n  most low a l t i t u d e ,  h igh  r e s o l u t i o n  d e n s i t y  d a t a  
of which the  au thors  are aware. 
The f i r s t  r e f e rence  t o  t h i s  v a r i a t i o n  i n  t h e  open l i t e r a t u r e  w a s  by 
DeVries e t  a l .  [ 6 ] ,  from ana lyses  of e leven  Agena s a t e l l i t e s  wi th  per igee  
a l t i t u d e s  between 163 and 2 1 2  km. During per iods  of low geomagnetic 
a c t i v i t y ,  when it  w a s  poss ib l e  t o  s e p a r a t e  t h i s  v a r i a t i o n  from other  
v a r i a t i o n s ,  t hese  au thors  found t h a t  t he  maximum of t h i s  v a r i a t i o n  
occurred when t h e  s a t e l l i t e  per igees  were between 0 and 30 degrees  longi -  
tude. They suggested a number of poss ib l e  explana t ions  f o r  t h i s  anomaly, 
such as changes i n  the  photo ioniza t ion  ra te  caused by v a r i a t i o n s  i n  s o l a r  
extreme u l t r a v i o l e t  r a d i a t i o n ,  changes i n  h igh  a l t i t u d e  c i r c u l a t i o n  over 
d i f f e r e n t  geographic reg ions ,  and o r i e n t a t i o n  of the  e a r t h ' s  geomagnetic 
f i e l d .  
Jacobs [ 7 ]  analyzed d a t a  from s e v e r a l  of t he  same s a t e l l i t e s  and 
a t t r i b u t e d  the  d a i l y  p e r i o d i c i t y  t o  an ea r th - f ixed  d e n s i t y  bulge r o t a t i n g  
through the  o r b i t  plane.  The f a c t  t h a t  Jacobs d id  no t  detect  t h i s  varia- 
t i o n  from t r ack ing  d a t a  of a s a t e l l i t e  a t  a pe r igee  a l t i t u d e  of 350 km 
would i n d i c a t e  it t o  be a low a l t i t u d e  phenomenon. Jacobs [ 8 ]  la ter  
modeled a h igh  l a t i t u d e  d e n s i t y  bulge,  based on d a t a  from e leven  low 
a l t i t u d e  s a t e l l i t e s .  An eva lua t ion  of t h i s  model on independent 
unpublished d a t a  obtained by Bruce i n  1968 ind ica t ed  t h a t  t he re  was no t  
a f ixed  d e n s i t y  bulge a t  the  geographic l o c a t i o n  suggested by Jacobs.  
I n  a d i scuss ion  of atmospheric v a r i a t i o n s  poss ib ly  connected wi th  
the  s o l a r  wind, J acch ia  [9]  suggested t h a t  a 24-hour v a r i a t i o n  i n  
atmospheric d e n s i t y  could r e s u l t  from the  i n t e r a c t i o n  between the  
corpuscular  stream from t h e  sun ( t h e  " s o l a r  wind") and the  geomagnetic 
f i e l d  of t he  e a r t h  due t o  v a r i a t i o n s  i n  t h e  angle  between t h e  e a r t h ' s  
d ipo le  geomagnetic f i e l d  and the  l i n e  jo in ing  the  e a r t h  and the sun. 
Although none of t he  sugges t ions  t o  d a t e  appear t o  exp la in  completely 
t h i s  pe r iod ic  v a r i a t i o n ,  J a c c h i a ' s  hypothesis  appears  most reasonable .  
These new d a t a  provide the  fol lowing information concerning t h e  charac-  
t e r i s t i c s  of t h i s  v a r i a t i o n :  
(1) During geomagnetically q u i e t  per iods ,  such  as A p r i l  19-21 
( f igu re  2 ) ,  t h e r e  w a s  a 24-hour per iod v a r i a t i o n ,  wi th  another  smaller 
peak occurr ing  twelve hours a f t e r  the  l a r g e r  one. This would suppor t  
J a c c h i a ' s  hypothesis  t h a t  t h e  p e r i o d i c i t y  is caused by the  i n t e r a c t i o n  
of the  e a r t h ' s  geomagnetic f i e l d  and the  s o l a r  wind. 
(2) The d a i l y  p e r i o d i c i t y  i s  pronounced i n  d a t a  from S a t e l l i t e  
1969-98 ( f i g u r e  4 ) ,  which w a s  i n  an  o r b i t  wi th  a per igee  l a t i t u d e  near  
25 degrees and a r e l a t i v e l y  h igh  e c c e n t r i c i t y .  
[9 ]  explana t ion  and r e f u t e s  Jacobs '  [ 7 ]  proposal  of a f ixed  high l a t i t u d e  
dens i t y  bulge.  
This suppor ts  J a c c h i a ' s  
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(3) There is a tendency f o r  t he  h i g h e s t  values  a s soc ia t ed  wi th  the  
d a i l y  p e r i o d i c i t y  t o  occur near  t h e  s a m e  geographic loca t ions  dur ing  a 
series of success ive  days b u t  f o r  t hese  loca t ions  t o  change a f t e r  longer  
per iods of t i m e .  This would a l s o  suppor t  J a c c h i a ' s  [9 ]  " so la r  wind" 
explanat ion.  
B. Semiannual Var i a t ion  
The semiannual atmospheric v a r i a t i o n ,  wi th  maxima i n  A p r i l  and 
October and minima i n  January and J u l y ,  has been observed i n  h igh  a l t i -  
tude s a t e l l i t e  da t a  s i n c e  s h o r t l y  a f t e r  the  launch of t he  f i r s t  s a t e l l i t e s .  
It has  only  r e c e n t l y  been observed a t  a l t i t u d e s  lower than about 200 km. 
There have been no previous r e s u l t s  publ ished on the  semiannual v a r i a t i o n  
i n  s a t e l l i t e  d a t a  a t  a l t i t u d e s  as low as 140 km. Although i t  is n o t  
poss ib l e  t o  o b t a i n  continuous d a t a  f o r  long per iods  of t i m e  from t h i s  
s e r i e s  of sa te l l i t es ,  semiannual v a r i a t i o n s  can be i d e n t i f i e d  from com- 
par i sons  of d a t a  during s h o r t  i n t e r v a l s  spaced  throughout t he  year .  
d 
Atmospheric d e n s i t y  d a t a  normalized t o  a n  a l t i t u d e  of 140 km as a 
func t ion  of t he  geomagnetic p l ane ta ry  index, Kp, f o r  t h r e e  s a t e l l i t e s  are 
shown i n  f i g u r e  5. The t h r e e  s t r a i g h t  l i n e s  r e p r e s e n t  a l e a s t  squares  f i t  
t o  d a t a  from each s a t e l l i t e .  A pronounced semiannual v a r i a t i o n  between 
A p r i l  and January can be  seen  i n  f i g u r e  5 ,  w i t h  the  maximum during A p r i l  
exceeding the  minimum during January by the  r a t i o  1 - 2 .  Since n e i t h e r  of 
these  d a t e s  co inc ide  wi th  the  time a t  which t h e  extremes of t he  semiannual 
v a r i a t i o n  a t  h igher  a l t i t u d e s  have been observed--July 29 f o r  t he  minimum 
and October 27 f o r  t he  maximum [ lo] - -an  e x t r a p o l a t i o n  of t h e s e  d a t a  t o  
times of maximum v a r i a t i o n  would i n d i c a t e  a t o t a l  semiannual v a r i a t i o n  a t  
140 km of about  35-40 percent .  
6. Comparison wi th  Other Semiannual Var ia t ions  
Observed below 200 km 
King-Hele e t  a l .  [ll] concluded, from a n a l y s i s  of t h e  o r b i t  of 
S a t e l l i t e  1967-318 a t  an  a l t i t u d e  of 180 km during 1968 and 1969, t h a t  
average d e n s i t y  a t  the  maximum of the  semiannual v a r i a t i o n  a t  t h a t  a l t i -  
tude exceeded the  minimum by a f a c t o r  of 1 .32 .  Ching [ 1 2 ]  found a semi- 
annual v a r i a t i o n  a t  170 km of about  14 percent  between August and 
September 1968, from a n a l y s i s  of t he  o r b i t  of S a t e l l i t e  1968-59B. Since 
the  motion of t he  pe r igee  of t h i s  s a t e l l i t e  w a s  such t h a t  t he  s o l a r  bulge 
w a s  a n t i c o r r e l a t e d  wi th  t h e  semiannual e f f e c t ,  the  t o t a l  semiannual e f f e c t  
could be h ighe r  a t  t h a t  a l t i t u d e  than t h e  observed 14 percent .  King-Hele 
e t  a l .  [5] found a r a t i o  of t h e  maximum t o  t h e  minimum d e n s i t y  of t h e  
semiannual v a r i a t i o n  of about  1.2 a t  a he igh t  of 168 km from t racking  d a t a  
of S a t e l l i t e  1968-598 between J u l y  and October 1968. Vercheval [13] found 
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a semiannual v a r i a t i o n  a t  155 km a l t i t u d e  of  40 pe rcen t  between January  
and A p r i l  1967, from o r b i t a l  d a t a  of S a t e l l i t e  1966-1016. With a s e m i -  
annual v a r i a t i o n  a l s o  being observed a t  90 km [14], i t  a p p e a r s  t h i s  i s  
a phenomenon t h a t  is observed throughout t he  lower thermosphere. 
D. Densi ty  Var ia t ions  Associated wi th  Geomagnetic A c t i v i t y  
Atmospheric d e n s i t y  d a t a  i n  f i g u r e s  2 through 5 show the  atmosphere 
a t  a n  a l t i t u d e  of 140 km is respons ive  t o  v a r i a t i o n s  a s soc ia t ed  w i t h  
geomagnetic a c t i v i t y .  This i n d i c a t e s  t h e  source  of hea t ing  f o r  t h i s  
phenomenon is a t  a l t i t u d e s  lower than  140 km. 
The d e n s i t y  d a t a  shown i n  f i g u r e  5 a r e  t h e  h i g h e s t  va lues  a s soc ia t ed  
w i t h  var ious  values  of t he  p l ane ta ry  geomagnetic index, Kp,  dur ing  t h e  
time t h e  t h r e e  s a t e l l i t e s  were i n  o r b i t .  A l ea s t - squa res  f i t  t o  the  d a t a  
from each s a t e l l i t e  i n d i c a t e s  t h a t  t he  atmospheric d e n s i t y  inc reases  about  
l i n e a r l y  wi th  Kp values  dur ing  per iods of low geomagnetic a c t i v i t y .  The 
maximum v a r i a t i o n  a s soc ia t ed  wi th  geomagnetic a c t i v i t y  i n  t h e s e  d a t a  w a s  
about  35 pe rcen t ,  when t h e  Kp index reaches 8 u n i t s  dur ing  t h e  o r b i t  of 
Sa t e l l  i t  e 1968-47A. 
These r e s u l t s  are i n  good agreement wi th  those of Ching [12], who 
a l s o  observed a d e n s i t y  inc rease  of about 35 percent  a t  140 km from high  
r e s o l u t i o n  drag  a n a l y s i s  of t he  OV1-15 s a t e l l i t e  dur ing  ehhanced geo- 
magnetic a c t i v i t y  when the ,Kp index reached a va lue  of e i g h t  u n i t s .  
d a t a  a t  low a l t i t u d e s  a r e  needed t o  e s t a b l i s h  the  n a t u r e  of t h i s  r e l a t i o n -  
s h i p  during per iods of h igh  geomagnetic a c t i v i t y .  
More 
111. CONCLUSIONS 
Analys is  of d e n s i t y  d a t a  deduced from precise r a d a r  t r ack ing  d a t a  
of low a l t i t u d e  sa te l l i t es  i n d i c a t e s  a t o t a l  d e n s i t y  v a r i a t i o n  of a t  
l eas t  80 pe rcen t  from t h r e e  of t h e  recognized types of var ia t ions- -semi-  
annual v a r i a t i o n s ,  v a r i a t i o n s  a s soc ia t ed  wi th  geomagnetic a c t i v i t y ,  and 
a pe r iod ic  d a i l y  v a r i a t i o n .  Other types of v a r i a t i o n s ,  such as the  
d i u r n a l  v a r i a t i o n ,  v a r i a t i o n s  wi th  s o l a r  cyc le ,  and t r a n s i e n t  d e n s i t y  
v a r i a t i o n s  a s soc ia t ed  wi th  g r a v i t y  waves added t o  v a r i a t i o n s  de t ec t ed  i n  
these  data ,could r e s u l t  i n  a t o t a l  d e n s i t y  v a r i a t i o n  a t  140 km of an e s t i -  
mated f a c t o r  of between two and th ree .  Since i t  i s  impossible  t o  r ep re -  
gen t  v a r i a t i o n s  of t h i s  magnitude a t  lower a l t i t u d e s  by exospheric  
temperature  c o r r e c t i o n s ,  i t  i s  necessary  t o  inco rpora t e  them a t  t h e  lower 
boundary of t h e  appropr i a t e  atmospheric model. J a c c h i a  [ l o ]  is applying 
such a c o r r e c t i o n  t o  models c u r r e n t l y  being prepared f o r  t h e  1971 COSPAR 
I n t e r n a t i o n a l  Atmosphere. 
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